Many proteins, such as RNA-binding proteins, have complex folding landscapes. How cells maintain the solubility and folding state of such proteins, particularly under stress conditions, is largely unknown. Here, we argue that prion-like low-complexity regions (LCRs) are key regulators of protein solubility and folding. We discuss emerging evidence that prion-like LCRs are not, as commonly thought, autonomous aggregation modules that adopt amyloid-like conformations, but protein-specific sequences with chaperone-like functions. On the basis of recent findings, we propose that prionlike LCRs have evolved to regulate protein phase behavior and to protect proteins against proteotoxic damage.
All proteins are synthesized by the ribosome as linear chains of amino acids that fold into complex three-dimensional structures. These structures frequently have complex folding landscapes, and the native structures are often marginally stable. This marginal stability may be a result of the necessity of proteins to exert their functions (1) . Protein functionality often requires the binding of ligands and switching between alternative conformations. At the same time, the conformational heterogeneity of the polypeptide chain increases the probability of protein misfolding and aggregation.
The cytoplasm of cells is a crowded environment that contains an extremely high concentration of proteins and other macromolecules (2) . Proteins in such crowded environments show rich phase behavior. They can assemble into higher-order structures that adopt different physical states such as liquids, gels, and glasses, and these states often have functional roles as membraneless compartments or organelles (3) (4) (5) . However, because many proteins are barely soluble in the highly crowded cytoplasm, the cytoplasm is always on the verge of transitioning into an aggregated state, especially under stress conditions. How do cells ensure the integrity of proteins in an environment that is always on the verge of catastrophe? One solution is the group of molecular chaperones, proteins that help other proteins adopt and maintain the native state. Different classes of chaperones exist: sophisticated ATP-driven machines that assist protein folding, such as the GroE/Chaperonin, Hsp70, and Hsp90 chaperones, and ATP-independent holdases, such as small heat-shock proteins, that prevent aggregation of proteins by shielding them from aberrant interactions (6) . The role of chaperones in regulating the solubility and folding of proteins is well established. But is this the only way in which cells can regulate the solubility and folding state of proteins?
In this review, we argue that regions of low sequence complexity (LCRs) 2 play a key role in regulating the solubility and folding state of proteins. LCRs are intrinsically disordered and abundant in eukaryotic proteomes. The special class of prionlike LCRs has gained a lot of attention in recent years because these LCRs have been linked to various neurodegenerative diseases. The current view of prion-like LCRs is that they have evolved as autonomous protein aggregation modules that assemble into higher-order structures by adopting ␤-sheet-rich conformations. Here, we take an entirely different view and hypothesize that prion-like LCRs have evolved to counteract protein aggregation and promote protein solubility and folding. We propose that prion-like LCRs are protein-specific sequences with chaperone-like functions that regulate protein phase behavior and protect proteins from damage.
Discovery of prion-like LCRs: the case of yeast prions
Prion-like LCRs were first discovered in connection with prion proteins in budding yeast. The history of yeast prions begins with two genetic traits in budding yeast, called [URE3] (7, 8) and [PSIϩ] (9) . These traits were inherited in a non-Mendelian fashion in mating experiments. Later studies showed that these unusual phenotypes are based on self-propagating aggregates of two proteins called Ure2 and Sup35 (10 -13) . Proteins that can form self-propagating aggregates are also known as prions.
Aggregation of the prion protein in humans causes a spectrum of devastating neurodegenerative diseases called prion diseases (14, 15) . In yeast, prions are the basis of diverse heritable phenotypes, some of which may be advantageous (16 -20) . A unifying feature of prions in yeast and in humans is their ability to assemble into amyloid fibrils that are characterized by the presence of tightly packed cross-␤-sheets that are arranged perpendicular to the fibril axis (21) . The presence of amyloid is a common feature of many human disorders, including Alzheimer's and Parkinson's disease. Amyloid formation is a rare event that requires the formation of a nucleus (22) . Once formed, this nucleus can convert other molecules of the same protein to the prion state. This self-templating ability allows prion aggregates to propagate between cells and tissues over long time scales and gives prions properties that are otherwise only known from nucleic acids, such as heritability, infectivity, and the formation of distinct strains.
Prions in yeast can confer adaptive advantages in some circumstances, but they can also be detrimental in others (16, 23, 24) . For example, prion formation by the translation termination factor Sup35 inactivates the protein and mediates stopcodon readthrough (17, 18) . This was proposed to be advantageous under some environmental conditions because it allows variation in gene expression. However, the adaptive significance of yeast prions has been questioned repeatedly. One early argument against the biological utility of yeast prions was the absence of prions in wild strains (25-28). Later work described heritable traits with hallmarks of prions in a large fraction of wild strains (29) , but many of these prion phenotypes could not be reproduced (28) . Thus, the adaptive value of prions remains a contentious issue.
Genetic and biochemical experiments showed that the prion behavior of the Sup35 and Ure2 prion proteins is restricted to specific domains. These so-called prion domains carry all the information for prion behavior and thus were genetically transferable to other proteins (30 -33) . Close inspection of prion domains revealed that they have a low sequence complexity and are enriched in polar amino acid residues such as glutamine, asparagine, serine, and tyrosine (34, 35) . The low sequence complexity and the absence of hydrophobic amino acids suggested that prion domains are largely unfolded (36, 37) . Importantly, scrambling prion domain sequences revealed that the amino acid composition and not the exact sequence determines its prion behavior (38, 39) . Thus, a consensus view emerged that prion domains are modular, transferable, and randomizable sequences that can stochastically convert from a disordered state into a highly-ordered prion state.
The recognition that prion domains have distinctive amino acid compositions motivated the search for other prions in yeast. The first comprehensive screen was based on a Hidden Markov Model that was trained on the sequence of three known yeast prions (34) . This algorithm identified ϳ200 prion-like candidates in the yeast proteome. The candidates were tested for their prion properties by replacing the prion domain of Sup35 with candidate prion domains to determine whether they can mimic the [PSIϩ] phenotype. This led to the discovery of two dozen new prions. This screen was followed by a phenotypic screen that was agnostic to primary sequence (40) . It yielded ϳ80 protein-based traits with prion behavior. Importantly, many of these proteins were not enriched for glutamine and asparagine residues as the candidates identified in the previous screen. Despite this difference, the prion properties were mostly confined to LCRs. Together, these studies showed that yeast contains many LCRs with prion-like properties.
The picture that emerged over the years is that prion-like LCRs are independent functional units that encode self-templating aggregates. Consequently, scientists working with these proteins have taken a reductionist approach, focusing mostly on isolated LCRs or amyloidogenic peptide fragments. This view has shaped the thinking of researchers for many years and led to the pervasive idea that prion-like LCRs have evolved to function as autonomous protein aggregation modules. However, as we will argue in this review, this view may only apply to a minority of prion-like LCRs.
Prion-like LCRs as aggregation-promoting modules
Out of the 100 prion candidates that were tested for prion properties, only a quarter formed prions (34) . What is the function of those candidate LCRs that did not show prion behavior? LCRs without prion properties still formed assemblies upon overexpression, suggesting that the majority of LCRs are able to form assemblies, yet those are distinct and different from prion aggregates.
The prion algorithm was later applied to the human proteome. This effort revealed more than 200 human proteins that were compositionally similar to yeast prions (41) (42) (43) (44) (45) . More than a quarter of these proteins are annotated as RNA-binding proteins. What is remarkable is that the aggregation of many of these prion-like RNA-binding proteins has been linked to agerelated neurodegenerative diseases, including amyotrophic lateral sclerosis (ALS) and fronto-temporal dementia (FTD). These diseases involve the proteins TDP-43 (TAR DNA-binding protein), FUS (RNA-binding protein fused in sarcoma), TAF-15 (TATA-binding protein associated factor N2), EWSR1 (Ewing sarcoma breakpoint region 1), and hnRNPA1 (heterogeneous nuclear ribonucleoprotein A1) (46) . Further studies showed that these proteins have an increased ability to aggregate. For example, TDP-43 normally localizes to the nucleus, but in ALS and FTD patients it mislocalizes to the cytoplasm and forms protein aggregates (47) . The prion-like LCR of TDP-43 was subsequently shown to be aggregation-prone (48) , and it frequently carries mutations in patients that increase the aggregation behavior of TDP-43 (46) . Importantly, the aggregates formed by TDP-43 had properties of amyloid-like fibers, and they showed prion-like behavior in cell culture systems and in animals (49, 50) .
Have the prion-like LCRs of these human proteins evolved to form prions? This seems unlikely given that the prion states of these proteins have so far only been associated with disease, suggesting that their LCRs must have other functional roles. Recent studies provided evidence that prion-like proteins may play a role in forming specialized compartments, referred to as membraneless compartments (3) (4) (5) . Examples of such compartments are DNA damage repair sites and ribonucleoprotein (RNP) granules such as stress granules (SGs) that form in the cytoplasm upon stress. Evidence suggested that many prionlike proteins, including TDP-43 and FUS, localize to SGs, but how they contribute to the assembly of SGs remained mysterious for a while.
A first insight into the role of prion-like proteins in RNP granule formation was provided by a serendipitous discovery using the chemical b-isox (51-53). This chemical selectively precipitated components of RNP granules, including FUS and JBC REVIEWS: LCRs as protein phase behavior modifiers . Further experiments showed that b-isox binds to prion-like LCRs and induces their conversion into a crystalline amyloid-like state. This led McKnight and co-workers (51) (52) (53) to hypothesize that prion-like LCRs form amyloid-like assemblies that drive RNP assembly. This conclusion was based on the finding that the LCR of FUS assembled into gel-like structures in vitro, and EM studies and X-ray diffraction patterns revealed that these gels contained amyloid-like fibrils.
One feature made these amyloid-like fibrils unusual: they were much more labile than previously reported amyloid structures (51, 52) . Recent work has provided high-resolution structural insight into the assembled form of the isolated LCR of FUS (54 -56) . This revealed key structural elements called kinked ␤-sheets that assemble into extended protofilaments. Unlike the steric zippers of previously described prion fibrils, the kinked ␤-sheets interact only weakly through polar and aromatic side chains. This was proposed to allow reversibility and regulation of these structures through post-translational modifications such as phosphorylation (54, 56) .
This new model for the role of prion-like LCRs deviates from the original yeast prion concept with respect to the lower stability of the structures. However, it still postulates that prionlike LCRs are the main determinants of specificity and are protein-independent aggregation modules that can be studied out of the context of the full-length protein.
LCRs as organizers of membrane-less organelles
The hypothesis that LCRs function as protein aggregation domains that polymerize through amyloid-like interactions is problematic for several reasons. One reason is that there is only little experimental evidence that LCRs polymerize under physiological conditions in living cells. Furthermore, most of the existing evidence is based on in vitro experiments that were performed under extreme conditions, such as high protein concentrations and nonphysiological buffer conditions (54, 56) . This raises questions whether the gels and polymers observed in vitro are physiological structures or rather represent aberrant/pathological states. In fact, membrane-less compartments such as SGs are extremely dynamic in living human cells. Photobleaching experiments showed that some SG components like FUS and hnRNPA1 turn over on the order of seconds (57, 58) . This was difficult to reconcile with the idea that these proteins polymerize to form relatively stable ␤-sheet-rich structures.
These discrepancies led researchers to look for other modes of assembly. Phase separation has emerged as an alternative to explain the formation of membraneless compartments. Phase separation occurs when a well-mixed solution of proteins demixes into two coexisting phases, one that is enriched for the protein and one that is depleted of it (3, 4) . Indeed, experiments with FUS showed that this protein phase separates to form liquid droplets at physiological protein concentrations ( Fig. 1A ) (57) . These droplets were highly dynamic and exhibited fusion and fission behavior and wetted surfaces. Importantly, NMR experiments demonstrated that the assembly of the FUS LCR into liquid droplets does not require the formation of cross-␤sheet structures (59) . Instead, liquid droplet formation was proposed to be driven by weak and transient interactions among LCRs, involving, for example, dipole-dipole interactions between polar atoms andinteractions between aromatic residues (60) . However, many structural biologists viewed these findings with skepticism. It seemed difficult to imagine that such interactions could provide sufficient specificity for the formation of RNP granules in the complex environment of the cell.
The idea that LCRs are the key drivers of RNP granule formation was pervasive in 2015, when the first studies on reconstituted condensates were published. Indeed, early in vitro experiments to study protein phase behavior were often performed with isolated LCRs (59, (61) (62) (63) (64) . Although these LCRs phase-separated on their own, it required very high protein concentrations that were orders of magnitude higher than the physiological protein concentration (Fig. 1B) . A recent study suggests that this focus on the LCRs may have been misleading (65) . This study showed that condensation of FUS and related proteins involves heterotypic interactions among prion-like LCRs and other domains in the same or other proteins (Fig. 1B) . Using extensive mutagenesis, the authors found that the interactions occur among tyrosine residues in the N-terminal prionlike LCR and arginine residues in the C-terminal RNA-binding domain. They proposed a sticker and spacer model in which the phase behavior of the FUS family of proteins is driven by specific interactions among associative motifs called stickers that are interspersed by spacers (Fig. 1C) . These spacers mainly impart flexibility but make little contributions to the driving forces for phase separation. In the FUS family of proteins, the stickers are tyrosine and arginine residues, and the spacers are polar residues such as serine, glutamine, as well as glycine (Fig.  1C ). This shows that phase separation of the FUS family of proteins depends on collective interactions among specific amino acid residues, many of which are located outside of prion-like LCRs.
The presence of a collective molecular grammar that is encoded by intrinsically disordered domains suggests that specificity can arise in the absence of distinct structures. However, whether the protein-intrinsic molecular grammar generates enough specificity for the formation of RNP granules in cells is unclear. Indeed, recent findings suggest that domains other than LCRs play important roles in condensate formation. For example, binding of RNA to prion-like RNA-binding proteins has major effects on protein solubility and phase behavior in living cells (66, 67) . Enzymatic removal of RNA from the nucleus led to rapid phase separation of FUS and related RNA-binding proteins, suggesting that nuclear RNA keeps these proteins in an unassembled state. Moreover, condensate formation by FUS was shown to depend on high local concentrations of specific RNAs such as Neat1 (66) . Thus, it is conceivable that phase separation in cells is primarily driven by RNA scaffolds that recruit FUS and other family members, increasing their local protein concentration so that these proteins can phase separate.
FUS phase separation is also very sensitive to post-translational modifications. For example, methylation of arginine residues within the FUS RBD inhibits phase separation and reduces FUS partitioning into SGs (68) . Moreover, the association of FUS with its nuclear import factor karyopherin-␤2 suppresses FUS phase separation (68 -70). Importantly, the import factor binding sites in FUS overlap with the residues involved in JBC REVIEWS: LCRs as protein phase behavior modifiers phase separation, thus providing an explanation for its inhibitory effect on FUS phase separation (70) . Strikingly, association of FUS with its import factor is not only sufficient to suppress phase separation, but it is even able to dissolve hydrogels formed by FUS and related proteins (69) . This strengthens the notion that interactions among the PLD and the RBD of FUS compete with a diverse set of interactions and post-translational modifications that regulate phase separation.
Does this mean that cross-␤-interactions are not required for FUS condensate formation? Several studies reported that the liquid droplet state of FUS and other prion-like proteins is unstable and converts with time into a gel-like or solid-like fibrillar state (57, 58) . Importantly, the transition into more solid states was accelerated by disease-associated mutations. This suggests that gels and fibrils of FUS reflect pathological states. In agreement with this idea, mutations that were predicted to disrupt the cross-␤-structures of the FUS LCR (54) inhibited gel and fibril formation, but did not affect the formation of liquid droplets by phase separation (65) . This suggests that FUS liquid droplet formation is not critically dependent on cross-␤-sheets and indicates that these cross-␤-structures rather stabilize droplets or may even be involved in a pathological transition. Therefore, it seems possible that cross-␤-sheet interactions sometimes play a role in compartment formation, but the physiological relevance of cross-␤-sheet interactions, particularly for FUS, remains unclear.
In summary, these findings suggest that LCRs are key modules that regulate the solubility and the phase behavior of prionlike proteins. In the FUS family of proteins, LCRs function as intrinsically disordered regions that support collective interactions among adhesive amino acid motifs. Importantly, the LCRs do not have to self-interact to promote condensation, as it is still widely assumed, but function by interacting with other parts of these proteins. This suggests that LCRs are not independent modules that drive protein assembly but protein-specific modifier sequences. These modifier LCRs synergize with other protein regions and their sequences likely coevolve with these regions to regulate protein solubility and phase behavior.
PLDs as regulators of protein solubility and phase behavior
Key insights into the idea that prion-like LCRs are modifiers of protein phase behavior has come from studies with budding yeast. In contrast to human cells, yeast cells live in very unstable and stressful environments. This leads to sudden changes in internal conditions, such as pH, osmotic conditions, ionic strength, or temperature. Such fluctuations have a strong impact on the material properties of the cytoplasm, sometimes The RNP can self-assemble to form biomolecular condensates, such as liquid-like droplets. B, both the isolated LCR (left) and full-length RNP can self-assemble into liquid-like droplets, yet the LCR phase separates at much higher protein concentrations compared with the full-length protein. C, liquid droplets formed by the isolated LCR are predominantly stabilized byinteractions of aromatic residues. Alternatively, a kinked ␤-sheet structure is suggested to drive the assembly of liquid-like droplets of isolated LCR (middle). In contrast, liquid-like condensates of the full-length RNP are stabilized by the interaction between aromatic residues within the LCR and cation residues within the RBD. Note, the interaction of aromatic and cation stickers occurs in trans and may very well also occur in cis. Importantly, the full-length RNP phase separates at physiological concentrations. JBC REVIEWS: LCRs as protein phase behavior modifiers causing a phase transition of the cytoplasm that can induce a complete stiffening of the cell (71) .
The mechanism underlying this phase transition of the cytoplasm is best understood for starved yeast cells. When yeast cells are deprived of energy, they can no longer remove protons from the cytosol through ATP-driven pumps, which leads to a rapid drop of the cytosolic pH from neutral to acidic values (71, 72) . The pH change decreases the solubility of proteins, thus causing macromolecular assembly and the formation of intracellular structures such as SGs (71, 73) . However, in contrast to SGs in mammalian cells, yeast SGs have solid-like properties (73) . The stiffening of the cytoplasm is thought to result from the large number of proteins that adopt a solid-like state in stressed yeast cells. Importantly, many of the proteins that assemble into higher-order structures upon stress are prionlike proteins.
One of the prion-like proteins that assembles into higherorder structures in stressed yeast is poly(A)-binding protein (Pab1), a known component of SGs. A recent study showed that Pab1 phase separates and forms gels in vitro upon exposure to physiological stress conditions such as temperature increase and low pH (74) . Interestingly, phase separation of Pab1 was driven by determinants in the RNA-binding RNA recognition motifs (RRMs) and not by Pab1's LCR. Importantly, mutations in this proline-rich LCR profoundly changed the biophysical properties of Pab1 phase separation, but it did not prevent it. Together, this provides strong evidence that Pab1 phase separates upon stress and that phase separation is modulated but not caused by its LCR.
Another recent study focused on the prion-like SG protein poly(U)-binding protein Pub1 (75) . Similar to Pab1, physiological stresses such as changes in temperature and pH caused the formation of Pub1 condensates. Removal of the proline-rich LCRs in Pub1 rendered the protein more insoluble and increased its propensity to form condensates. The presented data are consistent with a model in which the RRMs drive Pub1 self-assembly, whereas the prion-like LCRs of Pub1 function as modifiers of phase separation. This suggests that in Pub1, the LCRs have an important solubilizing and regulatory function, but they do not drive condensate formation.
Together, these findings point toward a general principle where cells harness the criticality of phase separation to detect sudden fluctuations in physical or chemical parameters. This suggests that Pub1 and Pab1 have been shaped by evolution to detect specific changes in the environment. Condensate formation by Pab1 and Pub1 has been proposed to be adaptive, presumably by releasing previously repressed RNAs that encode stress-protective factors (74 -76) . The ability of Pub1 and Pab1 to sense environmental changes requires that the solubility of these proteins is tuned to the conditions that exist in growing cells. At the same time, the protein solubility has to be close to the critical threshold for phase separation, so that the proteins can condense when the conditions change. This suggests that there is a strong evolutionary pressure to adjust the solubility of Pub1 and Pab1 to a level that is favorable for both growth and rapid stress sensing.
Prion-like LCRs were previously described as autonomous domains that contain all information for prion behavior and promote amyloid-like aggregation. Given the new findings discussed above, can we generalize that LCRs function as modulators of protein solubility? To address this question, we revisited the functional role of the prion domain of the canonical prion protein Sup35. We found that Sup35 indeed forms condensates by pH-induced phase separation as a response to sudden stress in vitro and in vivo (77) . In agreement with an important role of the prion domain for the overall protein solubility, the isolated catalytic guanosine triphosphatase (GTPase) domain of Sup35 already exhibited reduced solubility under nonstress conditions and aggregated in the absence of the prion domain upon stress. Consequently, cells lacking the prion domain exhibited impaired translational activity and a growth defect when recovering from stress. These data demonstrate that the prion domain rescues the essential GTPase domain of Sup35 from irreversible aggregation: 1) by increasing the overall solubility of the essential but aggregation-prone GTPase domain, and 2) by extending its phase behavior from irreversible aggregation toward reversible condensation. Thus, the prion domain ensures that the translation termination factor remains functional during harsh environmental conditions. Importantly, the ability to form condensates is shared among distantly related budding yeast and fission yeast, suggesting that condensate formation and not prion formation is the conserved and ancestral function of the prion domain of Sup35. In agreement with this, previous studies have shown that prion properties appear only sporadically in distantly related species, whereas the prion-like LCRs are conserved (78 -81) .
The picture that emerges is that the folded domains of LCRcontaining proteins exhibit a strong tendency to self-associate under various conditions. The necessity of these folded domains to interact with a natural ligand, such as RNA, nucleotides, and other binding partners, may impose evolutionary constraints that make these domains highly aggregation-prone. It appears that LCRs act as regulatory elements that inhibit aberrant behavior of these domains, allowing these proteins to maintain protein structure and function in normal conditions and upon stress (Fig. 2, A and B) . In agreement with this notion, it had previously been recognized that the aggregation of huntingtin exon 1 is quantitatively modulated by its flanking regions (82) . Like the LCRs of Pab1 and Pub1, the C-terminal flanking region of exon 1 is proline-rich and increases the solubility of huntingtin, thus reducing the overall driving force for aggregation (82) . In fact, cells frequently seem to use LCRs to harness the criticality of protein phase separation and mount adaptive stress responses. In summary, these findings suggest that prion and prion-like LCRs are modifiers of protein phase transitions that adjust the solubility of proteins and protect proteins from misfolding, thus allowing cells to respond to sudden changes in physico-chemical conditions.
Autonomous aggregation modules or modifiers of phase behavior?
The findings discussed above force us to develop a new view of prion-like LCRs. Most prion-like LCRs do not function as autonomous modules that drive assembly reactions. Rather, they function as modifier sequences that regulate the solubility JBC REVIEWS: LCRs as protein phase behavior modifiers of phase-separating proteins and modulate the material properties of condensates.
In agreement with this idea, prion-like LCRs are frequently associated with proteins that are supersaturated (83, 84) . Supersaturation refers to a state of a protein solution in which the solution is kinetically trapped in a soluble state, despite the protein concentration being higher than its thermodynamic solubility. Upon breaking supersaturation, protein aggregates form, and the concentration of the protein decreases until it reaches thermodynamic solubility. Protein aggregation is caused by the folded non-LCR part of the proteins, which often have complex and only marginally stable folds. This marginal stability may arise from a need to interact with ligands (1, 85) . For example, Pub1 and Pab1 carry multiple RRMs, which must associate with RNAs; Sup35 has a C-terminal GTPase domain that requires GTP-binding for stability. We speculate that prion-like LCRs have been added to these proteins to allow a deeper level of supersaturation despite their aggregation-prone nature. As a result, these proteins can now be soluble at higher levels than normally tolerated (Fig. 2, A and B) . However, these proteins are still very sensitive to changing conditions and will thus become insoluble when the physical-chemical environment changes suddenly.
Does this mean that prion domains have not been selected for their prion properties? Considering the example of Sup35 and other related prions, there indeed seems to be a very high kinetic barrier to amyloid and prion formation. Induction of the prion state usually requires overproduction of the protein at levels that are orders of magnitude higher than normal. This is because protein overproduction increases the likelihood that these proteins will adopt a self-templating fold. Although some studies showed that prions are also detectable under physiological conditions, the large majority of these prion states appears only at very low frequencies. Thus, it seems that prion proteins have evolved a high kinetic barrier to prevent the formation of self-sustaining amyloids (22, 86, 87) . By contrast, the barrier for the formation of condensates such as liquids, gels, or glasses is very low. This barrier is readily broken by post-translational modifications or changes in salt, pH, or temperature, and it can be harnessed by cells to promote adaptive responses.
Why are RNA-and DNA-binding proteins so frequently associated with prion-like LCRs? We speculate that solubility may be a special problem for this group of proteins because of their complex structure and abundance. For example, FUS has a long C-terminal region that contains several different RNAbinding domains. In addition, this region contains many RGG repeats resulting in a high amount of positively charged amino acids, a feature that drastically reduces protein solubility (88) . The tyrosine-rich LCR may have been added to FUS to increase its solubility and allow controlled condensate formation by phase separation. The fact that prion-like RNA-binding proteins such as FUS are highly supersaturated may also explain why they cause diseases. Because of their supersaturated state, the appearance of self-templating aggregates must be prevented at all costs. However, once a self-templating aggregate has formed, these proteins enter into a state of catastrophic self-sustaining aggregation. Only under these conditions do the prion-like LCRs turn into autonomous aggregation domains that replicate highly-ordered amyloid folds.
Thus, we conclude that in most prion-like proteins, the formation of self-templating aggregates is prevented by the presence of a high kinetic barrier. However, this does not exclude that evolution sometimes lowers this kinetic barrier to allow for regulated formation of self-sustaining aggregates. In fact, this seems to be true for some prion-like proteins, such as Xvelo and Rim4 (89, 90) . Future studies will have to determine which LCRs have evolved to function as true prion domains and which have evolved to modify the solubility and folding of proteins. We predict that LCRs with chaperone-like functions are highly abundant in nature and are frequently found in organisms that live in unstable environments. How these organisms use their LCRs to explore new and unstable environments will be a fascinating research direction in the future. Figure 2 . A, schematic representation of the phase behavior of a protein (blue) with LCR (magenta) (left) and the same protein without LCR (right). In the presence of the LCR the protein remains soluble over a wide range of concentrations and other parameters regulating its self-interaction (e.g. ionic strength, pH, temperature, and post-translational modifications). Upon crossing the saturation concentration, the LCR inhibits the strong self-assembly and allows the assemblies to adopt a reversible liquid-like or gel-like state. In the absence of the LCR (right), the soluble concentration range is substantially smaller, and the protein forms irreversible aggregates upon crossing the saturation concentration. B, LCR (magenta) could act as an entropic brush that extends the protein (left) and thus effectively increases the solubility and reversibility of assemblies. Collapse and extension of the brush further modulate the interaction. In the absence of the LCR (right), the proteins can approach each other much more closely. JBC REVIEWS: LCRs as protein phase behavior modifiers
